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The sodium-dependent dicarboxylate cotransporter (NaDC1)
has a proposed function of reabsorbing various Krebs cycle
intermediates in the kidney and the small intestine. Since
Krebs cycle intermediates have been suggested to be
important for renal cell survival and recovery after hypoxia
and reoxygenation, the transporter may play a role in the
recovery of the kidney. Additionally, mutations in the
transporter homolog in Drosophila led to fly longevity which
was thought to be similar to that induced by caloric
restriction (CR). To clarify the role of the sodium
dicarboxylate cotransporter in vivo we generated
cotransporter-deficient mice. These knockout mice excreted
significantly higher amounts of various Krebs cycle
intermediates in their urine; thus confirming the proposed
function to reabsorb these metabolic intermediates in the
kidney. No other phenotypic change was identified in these
mice, however. Transporter deficiency did not affect renal
function under normal physiological conditions, nor did it
have an effect on renal damage and recovery from ischemic
injury. Additionally, the absence of the transporter did not
lead to metabolic or physiological changes associated with
CR. Our results suggest that although the sodium
dicarboxylate cotransporter is involved in regulating levels of
various Krebs cycle intermediates in the kidney, impaired
uptake of these intermediates does not significantly affect
renal function under normal or ischemic stress.
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NaDC1 belongs to the family of solute carriers 13 (SLC13)
which includes transporters for di- and tricarboxylates
(NaDC1, NaDC3, and NaCT) as well as sulfate (NaS1 and
NaS2).1,2 NaDC1 is a sodium-dependent dicarboxylate co-
transporter and the gene encoding this protein has been cloned
from various mammalian species including human,3 mouse,4
rabbit,5 rat,6,7 and opossum.8 Amino acid sequences between
these orthologs show at least 67% or higher identity. NaDC1 is
expressed mainly in the epithelial cells of the kidney proximal
tubule and intestine and is thought to be involved in the
reabsorption of various Krebs cycle intermediates from the
tubular filtrate in the kidney and uptake of these intermediates
from digested food in the intestine.7,9–11 Krebs cycle inter-
mediates are important substrates for renal metabolism as they
account for 10–15% of oxidative metabolism in the kidney.12
The proposed function of NaDC1 in the kidney is based on its
expression in the apical membrane of the proximal tubules and
its transport functions examined in intact proximal tubules
and membrane vesicles isolated from various species.7,9,13–16
However, the above studies were all carried out in vitro and
specific inhibitor of this transporter is not available to
determine its function in vivo. We therefore developed NaDC1
gene knockout mice to study its physiological functions.
In vitro studies have shown that renal proximal tubules
can be salvaged from hypoxia-/reoxygenation-induced mito-
chondrial injury by the supplement of Krebs cycle inter-
mediates during either hypoxia or reoxygenation;17,18 we
therefore wanted to determine if NaDC1 plays a role in renal
ischemia/reperfusion (IR) injury. In normal kidneys, some
proximal tubule cells are able to survive renal IR injury and
these surviving cells are thought to play an important role in
the recovery of renal function.19 Given the potential
importance of Krebs cycle intermediates availability to the
survival of proximal tubule cells during renal IR injury, we
wanted to see if lack of NaDC1 would reduce the transport of
these intermediates into proximal tubule cells, rendering
them more susceptible to damage and less able to aide
recovery from renal IR injury.
Another reason to study NaDC1 stems from the observa-
tion that several Drosophila mutants selected independently
for longevity all have mutations in a gene called Indy, a
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Drosophila homolog of NaDC1.20 P-element insertions into
Indy resulted in a decrease in the gene’s transcription and
protein expression.21 It was postulated that reduction in the
expression of Indy led to sub-optimal absorption of nutrients
and recycling of metabolic by-products into cells for energy
production, creating a situation similar to caloric restriction
(CR), and thus caused lifespan extension of the mutant flies.
In mammals, CR is to date the only known physiological
intervention that extends lifespan.22 It is thus of interest to
determine if deficiency in NaDC1 would lead to metabolic
and physiological changes associated with CR in mice.
RESULTS
Development and characterization of NaDC1-deficient mice
The mouse NaDC1 (Slc13a2) gene has been previously cloned
and characterized.4 NaDC1 was disrupted in embryonic stem
cells by homologous recombination with the transforming
DNA containing the NaDC1 gene, where exons 2–6 were
replaced by the neomycin-resistant gene (Figure 1a).
Heterozygous NaDC1 deficient founders developed from
these embryonic stem cells were bred to produce wild-type
(NaDC1þ /þ ), heterozygous (NaDC1þ /), and homozygous
(NaDC1/) progeny as determined by Southern blot
analysis (Figure 1b) at a ratio consistent with the 1:2:1
mendelian inheritance. NaDC1þ / and NaDC1/ mice
were normal in appearance and their body weights were
comparable to that of their wild-type (NaDC1þ /þ ) litter-
mates (data shown below). Northern blot analysis and reverse
transcription-polymerase chain reaction both showed the
absence of NaDC1 transcript in NaDC1/ mice (Figure 1c
and d).
Since one of the key proposed physiological functions of
NaDC1 in the kidney is to reabsorb various Krebs cycle
intermediates from the tubular filtrate into tubule cells, we
set out to determine if lack of NaDC1 will affect the renal
retention of these metabolites. High-performance liquid
chromatography assays showed that NaDC1-deficient mice
had significantly higher urine excretion level of various Krebs
cycle intermediates (Figure 2) compared with their hetero-
zygous and wild-type littermates. This result demonstrated
for the first time in vivo NaDC1’s role in reabsorbing various
types of Krebs cycle intermediates from the tubular filtrate in
the kidney. However, absence of NaDC1 had no effect on
serum citrate level (134713.95 and 140.6710.09 mM in
NaDC1þ /þ and NaDC1/ mice, respectively, n¼ 7. Levels
of other Krebs cycle intermediates in the serum were below
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Figure 1 | Generation of NaDC1-deficient mice. (a) The gene targeting construct containing the Hsv-tk gene and the neomycin resistance
gene (phosphoglycerate kinase-neo). Relative positions of all exons are shown in filled boxes. The NotI site used to linearize the construct,
the outside probe (filled bar), and the expected sizes of KpnI fragments used for analysis of genomic DNA are indicated. (b) Genotyping
the NaDC1 allele by Southern blot analysis. The expected bands ofB4.0 kb for the wild-type NaDC1 allele andB6.25 kb for the mutant NaDC1
allele were observed. (c) Northern blot analysis of mRNA (3 mg/lane) from kidney extracts. The blot was analyzed with an NaDC1 cDNA
probe containing exons 2–6, and normalized with b-actin. A B2.2-kb band was detected representing the NaDC1 transcript. (d) Reverse
transcription-polymerase chain reaction using RNA from kidney and small intestine with NaDC1 specific primers. The reaction was normalized
with GAPDH. A B0.76-kb band was detected representing exons 2–6 of the NaDC1 transcript.
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the detection limit of our method). The lack of NaDC1 also
did not seem to affect water reabsorption in the kidney as
similar daily water consumption (0.2370.02, 0.2770.02, and
0.2570.01 ml/g body weight in NaDC1þ /þ , NaDC1þ /,
and NaDC1/ mice respectively, n¼ 10) and urine produc-
tion (0.05570.005, 0.06270.007, and 0.06370.005 ml/g
body weight in NaDC1þ /þ , NaDC1þ /, and NaDC1/
mice respectively, n¼ 10) were observed regardless of the
presence or absence of NaDC1.
NaDC3 is also proposed to take up Krebs cycle
intermediates from the circulation based on its location in
the basolateral side of the proximal tubule epithelial cell
membrane and its transport functions examined in intact
proximal tubules and membrane vesicles isolated from
various species.13,16,23–26 To determine whether it may be
upregulated to compensate for the loss of NaDC1 function,
we examined the transcript level of NaDC3 and found that
it was not changed in the kidneys of NaDC1/ mice (data
not shown).
NaDC1 deficiency did not affect renal IR injury
To examine whether NaDC1 may play a role in renal cell
injury after IR, we subjected NaDC1þ /þ and NaDC1/
mice to a well-established model of renal IR injury. The renal
pedicle was clamped for 22 min, and the contralateral kidney
was removed. After 24 h of reperfusion, a significant elevation
of serum creatinine in NaDC1þ /þ and NaDC1/ mice
compared with their respective sham-operated mice was
observed. However, the degree of kidney functional abnorm-
alities between the two types of mice was comparable (Figure
3a). Histological analysis revealed similar degree of renal
damage in the kidneys of both NaDC1þ /þ and NaDC1/
mice (Figure 3b), and the percentage of necrotic tubules in
the kidney corticomedullary junction area of both types of
mice was comparable (Figure 3c). In addition to necrosis,
tubular cells also underwent apoptosis after ischemic kidney
damage. TdT-mediated dUTP nick end labeling staining
demonstrated similar degree of apoptosis in cortical tubules
of both NaDC1þ /þ and NaDC1/ mice kidneys after renal
IR injury, whereas no apoptotic cells could be detected in
sham-operated samples (Figure 3d). To eliminate the
possibility that there may be a difference in the total number
of cells in these samples, we also stained the same sections
with 40,6-diamidino-2-phenylindole to estimate the total cell
number. The data showed an overall reduction of cell number
after IR injury in the kidney corticomedullary junction area
in both NaDC1þ /þ and NaDC1/ mice compared with
their respective sham-operated controls (Figure 3d). How-
ever, the total cell number was comparable between
NaDC1þ /þ and NaDC1/ mice samples, further reflecting
similar degree of cell necrosis and the resulting loss of cell
nuclei after renal IR injury in these two types of mice.
To examine whether NaDC1 may play a role in the
recovery of renal tubules from IR injury, we also examined
renal tubule morphology at longer reperfusion time points.
During renal tubule recovery, surviving tubular epithelial
cells dedifferentiate and proliferate, eventually replacing the
dead tubular cells and restoring tubular integrity.19 On day 7
after ischemia, the overall renal morphology was comparable
between NaDC1þ /þ and NaDC1/ mice (Figure 4a).
Necrotic tubules without any identifiable nuclei, a dominant
feature in kidneys at the 1-day time point after renal IR
injury, were absent in the kidneys at the 7-day time point,
although there were still some tubules that contained cellular
debris or proteinous casts in the lumen. In place of the
necrotic tubules were tubules undergoing regeneration, and
the number of regenerating cells (as identified by proliferat-
ing cell nuclear antigen staining) as well as the number of
tubules containing these cells were comparable between
NaDC1þ /þ and NaDC1/ mice (Figure 4b). Renal
morphology gradually improved by 14 and 28 days after
ischemia in both NaDC1þ /þ and NaDC1/ mice, with
tubules on day 14 largely rid of proteinous casts and cellular
debris, whereas those on day 28 starting to resemble the
sham-operated ones (Figure 4a). Taken together, these results
demonstrate that under the renal IR conditions reported
here, lack of endogenous NaDC1 does not enhance the
severity or delay recovery of renal injury.
NaDC1-deficient mice did not exhibit physiological changes
associated with CR
To test the idea that absence of NaDC1 in mice may mimic
the reduction of expression of Indy in Drosophila, we looked
for signs of development of CR phenotypes in both
NaDC1þ / and NaDC1/ mice. Animals on CR were
shown to have lower body weight than their counterparts fed
ad libitum.27–30 As shown in Figure 5a, body weights of
NaDC1þ /þ , NaDC1þ /, and NaDC1/ mice up to 48
weeks old were comparable. Food intake can be neglected as a
variable factor masking a possible effect in body weight
change as these mice consumed similar amount of food
daily (Figure 5b). Reduction in resting body temperature31–34
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Figure 2 | Urine Krebs cycle intermediates level. Urine Krebs cycle
intermediates excretion level (mmol) in NaDC1þ /þ , NaDC1þ /, and
NaDC1/ male mice during a 24-h period were determined. Data
are means7standard errors of the means (n¼ 10 for each group).
*Po0.0001 vs NaDC1þ /þ and NaDC1þ / data. **Po0.001 vs
NaDC1þ /þ and NaDC1þ / data. Statistical significance was
determined by the unpaired Student’s t-test (Suc: succinate; a-keto:
a-ketoglutarate; Cit: citrate; Fum: fumarate; Mal: malate).
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and blood glucose level35–37 are also associated with CR.
These two parameters were found to be of no significant
difference between NaDC1þ /þ , NaDC1þ /, and NaDC1/
mice (Figure 5c).
CR is also thought to affect the oxidative status of the cell.
Superoxide dismutase 2 (SOD2) and glutathione peroxidase
1 (GPX1) are the two key enzymes that aide the cell in the
defense against oxidative stress.38–40 Expression of these two
reactive oxygen species scavengers is thought to be reflective
of the level of cellular oxidative stress.41 Studies have also
shown that SOD2 and GPX1 mRNA levels were found to be
higher in CR vs control animals.30,42,43 We therefore
examined the RNA level of both SOD2 and GPX1 in the
kidneys of NaDC1þ /þ , NaDC1þ /, and NaDC1/ mice.
Northern blot analysis showed that the transcript level of
these two reactive oxygen species scavengers were similar
whether NaDC1 was present or not (Figure 5d). This result
suggests against a disturbance of oxidative stress status in the
kidneys of the NaDC1-deficient mice, an organ where NaDC1
mainly expresses in. Recently a gene called Sirtuin 1 (Sirt1)
has been implicated to code for a key protein in conferring
CR’s beneficial effects.44–46 In mammals, CR has been shown
to increase SIRT1 expression in various organs including the
kidney.47 RNA blot analysis showed no significant difference
in SIRT1 transcript level in the kidneys of NaDC1þ /þ ,
NaDC1þ /, and NaDC1/ mice (Figure 5e). Taken
together, these results suggest the absence of metabolic and
physiological changes associated with CR in NaDC1-deficient
mice under normal rearing conditions.
DISCUSSION
In this study we generated NaDC1-deficient mice to
determine NaDC1’s physiological functions. These mice have
no apparent growth or reproductive abnormality. Their
general appearance, body weights and litter sizes were not
different from those of wild-type mice, indicating that
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Figure 3 | Renal IR injury analysis. (a) Serum creatinine levels (mmol/L) from sham-operated and IR-treated NaDC1þ /þ and NaDC1/ mice at
1-day reperfusion time point after renal ischemia are shown. Data are means7standard errors of the means (n¼ 5 for each group). *Po0.0001
vs sham-operated data of same genotype. Statistical significance was determined by the unpaired Student’s t-test. (b) Comparison of kidney
morphology at 1-day reperfusion time point after renal ischemia. Representative cross-sections of the kidney corticomedullary junction area
from sham-operated and IR-treated NaDC1þ /þ and NaDC1/ mice are shown. Diffuse areas of damaged tubules were observed in all the
IR-treated samples, as compared with the presence of only normal tubules in the sham-operated samples. (Periodic Acid Schiff staining; original
magnification  200; n¼ 5 for each group). (c) Quantitation of tubular damage at 1-day reperfusion time point after renal ischemia. The
percentage of necrotic tubules in sham-operated and IR-treated NaDC1þ /þ and NaDC1/ mice are shown. Data are means7standard errors
of the means (n¼ 5 for each group). Tubular necrosis was quantitated by counting the percent of tubules in the kidney corticomedullary
junction area (average of 410 original magnification  200 fields) that displayed loss of nuclei, loss of brush border, tubule dilatation, and
presence of tubule debris/cast formation in the lumen. (d) Comparison of apoptotic cell and total cell number per field of examination.
Apoptotic and total cell numbers were quantified by counting the number of TdT-mediated dUTP nick end labeling-positive and
40,6-diamidino-2-phenylindole-positive nuclei, respectively (average of 410 original magnification  400 fields) from sham-operated and
IR-treated NaDC1þ /þ and NaDC1/ mice kidney samples at 1-day reperfusion time point after renal ischemia. Data are means7standard
errors of the means (n¼ 5 for each group). *Po0.0001 vs sham-operated data of same genotype. Statistical significance was determined
by the unpaired Student’s t-test.
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NaDC1 is not essential for the survival of mice. A lack
of NaDC1 also did not affect overall kidney function in the
NaDC1-deficient mice, as their water consumption, urine
excretion, and serum creatinine levels were comparable with
their wild-type littermates. The only phenotypic trait we were
able to identify was a defect in their ability to reabsorb
various Krebs cycle intermediates in the kidney, resulting in
an increase in urinary excretion of these metabolites. In vitro
studies of NaDC1 from different species had identified it as a
transporter for Krebs cycle intermediates such as succinate,
citrate, a-ketoglutarate, fumarate, and malate.4,5,7,8,48 In
accordance with the above studies, our study showed that
all of these substrates were being excreted at a higher level in
NaDC1-deficient mice, demonstrating that NaDC1 has the
ability to transport these substrates in vivo. Although the data
reported here were obtained exclusively from male mice,
female NaDC1-deficient mice also have the same phenotype
(data not shown). On the other hand, citrate level in the
serum of NaDC1-deficient mice was not affected. This may
be explained by the presence of a transporter with similar
function to NaDC1 in the basolateral membrane of renal
proximal tubule cells, namely NaDC3, which serves to absorb
Krebs cycle intermediates from the circulation.
Previous studies have shown that Krebs cycle interme-
diates could confer resistance to renal proximal tubule cell
injury induced by hypoxia/reoxygenation.17,18 In the normal
kidney, proximal tubule cells are especially vulnerable to
damage caused by renal IR injury, but some of them are able
to survive the injury nevertheless. These surviving cells are
thought to be important for renal recovery.19 We wanted to
examine if Krebs cycle intermediates may play a role in
protecting these cells from renal IR injury. Since we have
shown that NaDC1 is responsible for the transport of these
intermediates in the kidney in vivo, we hypothesized that
renal proximal tubule cells from NaDC1-deficient mice may
have a depleted pool of Krebs cycle intermediates compared
with wild-type mice, rendering them less resistant to damage
and hence less able to aide renal recovery after IR injury.
However, results based on our renal IR model showed that
absence of NaDC1 had no effect on the severity of renal
ischemic damage both morphologically and functionally. The
ability to recover from renal IR injury was also not dependent
on NaDC1. We could not rule out a possible compensatory
effect conferred by NaDC3 in the absence of NaDC1 in renal
tubular cells. The use of NaDC1 and NaDC3 double-mutant
mice for this experiment may better clarify the role of Krebs
cycle intermediates in renal IR injury.
As Indy (a homolog of NaDC1) is suspected to play a
role in CR in Drosophila, we investigated whether CR
phenotypes were present in NaDC1-deficient mice. We failed
to detect any significant difference between NaDC1þ /þ ,
NaDC1þ /, and NaDC1/ mice in some of the parameters
known to be affected by CR. In mammalian CR experiments,
animals were usually allowed 60–70% of the food compared
with corresponding control animals. Our NaDC1-deficient
mice were fed ad libitum. Their body weight, body
temperature, and blood glucose level remained the same as
that of the wild-type mice, suggesting that there was no
significant loss of calorie uptake due to NaDC1 deficiency.
Perhaps in mice, NaDC1 only contribute to a small fraction
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Figure 4 | Renal IR recovery analysis. (a) Comparison of kidney
morphology at 7-, 14- and 28-day reperfusion time points after renal
ischemia. Representative cross-sections of the kidney
corticomedullary junction area from sham-operated and IR-treated
NaDC1þ /þ and NaDC1/ mice are shown. (Periodic Acid Schiff
staining; original magnification is  200; n¼ 5 for each group).
(b) Quantitation of kidney tubule regeneration at 7-day reperfusion
time point after renal ischemia. The total number of proliferating
cell nuclear antigen-stained cells and the percentage of tubules
containing proliferating cell nuclear antigen-stained cells per field of
examination (average of 410 x200 fields) in IR-treated NaDC1þ /þ
and NaDC1/ mice are shown. Data are means7standard errors
of the means (n¼ 5 for each group). No statistical significant
difference was detected between the two types of mice in the
above parameters by unpaired Student’s t-test.
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of the dicarboxylate uptake, or that there are other
transporters that can take its place in its absence. Again
experiments using NaDC1 and NaDC3 double-mutant mice
may confirm this.
Hypocitraturia is associated with increased risk of kidney
stone formation,49 and increased expression of NaDC1 has
been correlated to a decline in urinary citrate excretion and the
occurrence of nephrolithiasis.50 Therefore it is likely that mice
lacking NaDC1 which have increased urinary citrate excretion
may be protected against the formation of kidney stones.
Unfortunately to date there is no published method for
inducing kidney stone formation in mice. The standard
method of administering ethylene glycol/vitamin D3 to induce
kidney stone formation in rats has no effect in wild-type mice.
Studies in recent years have shown that Krebs cycle
intermediates are involved in a variety of functions.
Dicarboxylates such as a-ketoglutarate and succinate are
thought to be responsible for driving tubular reabsorption
of organic anions by various organic anion transporters in
both the apical and basolateral sides of the kidney proximal
tubule cells.51–54 A recent study also identified succinate and
a-ketoglutarate as natural ligands for orphan G-protein-
coupled receptors in the proximal and distal tubules in the
kidney.55 The study showed that succinate could increase
blood pressure in mice through its effect on the renin
angiotensin system. It raises the possibility that dicarboxylate
concentration surrounding proximal tubule cells may be an
important factor that regulates renovascular hypertension.
NaDC1-deficient mice generated in this study along with
mice deficient in other Krebs cycle intermediate transporters
would serve as useful models for these investigations in
the future.
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Figure 5 | Caloric restriction phenotypes analysis. (a) Comparison of body weights between NaDC1þ /þ , NaDC1þ /, and NaDC1/
male and female mice at different ages (n¼ 20 for each age group). No statistical significant difference was detected between the three
groups of mice at any time points by unpaired Student’s t-test. (b) Food consumption by young and adult NaDC1þ /þ , NaDC1þ /, and
NaDC1/ male mice over a 24-h period. Values shown were normalized with body weights of corresponding mice. Data are means7standard
errors of the means. Young (n¼ 10) and adult (n¼ 7) mice were between 10–16 and 42–48 weeks of age, respectively. No statistical
significant difference was detected between the three types of mice in either age group by unpaired Student’s t-test. (c) Comparison of resting
rectal temperature and blood glucose level between young and adult NaDC1þ /þ , NaDC1þ /, and NaDC1/ male mice. Data are
means7standard errors of the means. Young (n¼ 10) and adult (n¼ 7) mice were between 10–16 and 42–48 weeks of age, respectively.
No statistical significant difference was detected between the three types of mice in either age group by unpaired Student’s t-test. (d) Northern
blot analysis of total RNA (10 mg/lane) from kidney extracts. The blot was analyzed with SOD2 and GPX1 cDNA probes and normalized with
b-actin. (e) Northern blot analysis of mRNA (3 mg/lane) from kidney extracts. The blot was analyzed with a SIRT1 cDNA probe and
normalized with b-actin.
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MATERIALS AND METHODS
Creation of NaDC1/ mice
A 7.2 kb-fragment of the mouse NaDC1 (Slc13a2) gene containing
exons 2–6 was replaced with a phosphoglycerate kinase-neor cassette.
This targeting vector was linearized at the NotI site and electro-
porated into the AB2.2 embryonic stem cell line. Cells resistant to
G418 and fialuridine were selected, and NaDC1 knockout clones
were identified by Southern blot analysis. AB2.5 kb DNA fragment
containing exons and introns 7–10 of NaDC1 was used as the probe.
Cells from these clones were injected into C57BL/6N embryos at the
blastocyst stage. Chimeric offspring were mated with C57BL/6N
mice, and offspring containing the NaDC1 null allele were identified
by Southern blot analysis using the same probe described above.
NaDC1-deficient mice and their wild-type littermates in a
C57BL/6N 129 1/SvJ-mixed genetic background were further
back-crossed to C57BL/6N for five generations to put the mutated
NaDC1 allele in a 496% isogenetic C57BL/6N background for all
our subsequent experiments.
Northern blot analysis and reverse transcription-polymerase
chain reaction
Northern blot analysis was performed by agarose/formaldehyde gel
electrophoresis of total RNA or mRNA extracted from mice kidneys.
Total RNA was obtained using TRI reagent (Molecular Research
Center Inc., Cincinnati, OH, USA), and mRNA extraction was
performed using the FastTrack 2.0 mRNA Isolation Kit (Invitrogen,
Carlsbad, CA, USA). RNA in the gel was transferred to Hybond-Nþ
nylon membrane and hybridized with 32P-radiolabelled cDNA
probes. Probes for detecting NaDC1, NaDC3, GPX1, SOD2, and
SIRT1 transcripts were polymerase chain reaction amplified from
mouse kidney Marathon-ReadyTM cDNA (Clontech, Palo Alto, CA,
USA) with primers designed from the published Mus musculus
NaDC1 mRNA sequence (GenBank accession no. AF201903:
forward primer bp no. 121-144; reverse primer bp no. 860-881),
Mus musculus NaDC3 mRNA sequence (accession no. BC026803:
forward primer bp no.;1135-1157; reverse primer bp no.;2196-
2219), Mus musculus GPX1 mRNA sequence (accession no.
NM008160: forward primer bp no. 10-33; reverse primer bp no.
691-714), Mus musculus SOD2 mRNA sequence (accession
no. NM013671: forward primer bp no. 44-67; reverse primer bp
no. 909-933), and Mus musculus SIRT1 mRNA sequence (accession
no. NM019812; forward primer bp no. 470-493; reverse primer bp
no. 1553-1575), respectively. The PCR products were subcloned into
pCR2.1 Topo-TA cloning vector, minipreped, and then digested with
EcoRI. For reverse transcription-polymerase chain reaction, total
RNA from either kidney or small intestine was reverse transcribed
with Superscript II reverse transcriptase (Invitrogen). NaDC1 cDNA
was then amplified by PCR using primers described above (30 cycles
of 94 to 55 to 721C 1 min each) with the glyceraldehydes-3-
phosphate dehydrogenase gene as a control.
Metabolic experiment
Mice were maintained in a daily cycle of 12-h light and 12-h
darkness, and were allowed free access to standard mouse chow and
water. Individual mouse was put into metabolic cage (Nalgen,
Rochester, NY, USA) for measuring food and water consumption,
urine output, and for the collection of urine samples. Body weights
of mice at various ages were measured by a standard electronic
balance inside the animal room where the mice were housed. Blood
glucose was measured using Accu-Chek Compact blood glucose
meter and test strips (Roche Diagnostics GmbH, Indianapolis, IN,
USA). Resting body temperature was taken using a Temperature
controller (FHC Inc., Bowdoinham, ME, USA) by inserting the
probe into the rectal area of mice.
Determination of Krebs cycle intermediates level
All chromatography equipments were from Dionex (Sunnyvale, CA,
USA) and all chemicals and solutions were from Sigma-Aldrich
(St Louis, MO, USA). Urine samples were collected daily from
metabolic cages and stored at 801C until use. Blood samples were
collected from mice under anesthetics by cardiac puncture. Samples
were clotted at room temperature for 90 min, followed by
centrifugation at 1000g for 10 min. Serum samples were collected
by pipetting the clear supernatant in the upper layer and stored at
801C until use. Urine samples were diluted 1/50 with d3H2O,
whereas standards were diluted to various concentrations and then
passed through 0.45-mm filter units to remove particulate matters.
Serum samples were mixed with an equal volume of acetonitrile,
centrifuged at 5000g for 7 min, dried, and resuspended in d3H2O
before passing through filter units. Each sample of 25 ml or standard
were injected by an AS50 autosampler and organic acids separation
was achieved by an IonPac ICE-AS6 analytical column isocratically
perfused at 1 ml/min at 191C using 0.4 mM heptafluorobutyric acid
as the mobile phase. Eluents then entered an AMMS-ICE II
suppressor that functioned to reduce background conductivity. The
suppressor was kept regenerated with 5 mM tetrabutylammonium
hydroxide perfused at B1.4 ml/min. Signals were detected by an
ED50A Electrochemical Detector and analyzed by the Chromeleon
CHM software. Standards containing various organic acids (citric
acid, a-ketoglutaric acid, fumaric acid, malic acid, and succinic acid)
were run to create calibration curves for the determination of the
amount of these intermediates in urine and serum samples.
Renal IR injury
Male NaDC1-deficient mice and wild-type control littermates 10–14
weeks old (20–25 g) were anesthetized with intraperitoneal injection
of ketamine and xylazine at a dosage of 0.05 ml/10 g. Under aseptic
conditions, a midline incision on the abdominal section was made
to expose the kidneys. Renal ischemia was induced by occluding the
renal pedicle of the left-side kidney with a microaneurysm clip
(Ohwa Tsusho Co. Ltd., Tokyo, Japan). Body temperature was
maintained at B371C during the entire procedure. After 22 min of
ischemia, the left-side kidney was reperfused by removal of the clip.
The kidney was observed for return of blood flow. This was followed
by nephrectomy of the contralateral kidney, with the pedicle tied up
by 5-0 nylon suture to prevent bleeding. The abdomen incision was
then sutured and mice were allowed to recover at aB371C heat pad
until righting reflex was regained. Sham surgery consisted of the
same procedure except that the clip was not applied. Mice were
killed at different time points after reperfusion for the collection of
serum and kidneys.
Histology analysis and serum assay
Kidneys collected from mice after renal IR surgery were parafor-
maldehyde fixed and paraffin embedded. Sagittal sections (5 mm)
were stained with Periodic acid-Schiff reagent (Sigma-Aldrich).
Tubular necrosis was quantitated by counting the percent of tubules
in the kidney corticomedullary junction area (410 200 fields per
section) that displayed loss of nuclei, loss of brush border, tubule
dilatation, and presence of tubule debris/cast formation in the
lumen. For serum creatinine measurement, blood samples were
collected from mice under anesthetics by cardiac puncture, serum
Kidney International (2007) 72, 63–71 69
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samples were then collected as mentioned above. Serum creatinine
was measured by a Hitachi-747 Autoanalyzer (Boehringer-Man-
nheim, Ingelheim, Germany).
Apoptosis and proliferation assays
Apoptotic cells were detected using the In Situ Cell Death Detection
Kit, Fluorescein (Roche, Indianapolis, IN, USA). Total cell number
was determined by 40,6-diamidino-2-phenylindole staining. For
proliferation assay, kidney sections were stained with a rabbit-
proliferating cell nuclear antigen antibody (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA). Regenerating proximal tubules
were identified by the presence of proliferating cell nuclear antigen
positive nuclei.
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